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I .  INlRODUTION 

0. SlMMARY OF P ! E V I W  RE ACTOR TESTS 

T k  reoctar tcrts perfarmed pia to the NRxds puer ta: series in ?he WRVA 

development p q m m  ore the NRX-AI cold flow test series, mfueled grqrhik core (Rcfkrence 

I), the NRX-A2 p e r  test series (Reference 2), thc NRX-A3 power krt  series (Reference 3, 
and ?he NRX,rZSi engine system test *ti- (Referencel), he results of which are briefly s~wn- 

morized in th is  report. 

1 



Sgnificont occoaplishments of the & v t  tests were c1 foliaws: 

1.6 NRX-A1 

(a! 

(b) 

Verified rex- structural integrity u& rated pewre Iding. 

obtoisd reociv perfarmonce doto under ambient and cdd ti- 

c d i t i -  

2-ij N R X - A 2  

(a) R&&d signifi-t infmnation iar verifyirg tk stcody-store k i g n  

0rn:f i is  f a  p e f  4h?mti;;n 

b) ho*idtd kicrmotim canfirming tht suitability d the rtoctor for 

-ti= at  the ~ d y - ~ t o t c  k e k  a d  terrpcmtues required af 

the r c o ~ t = w  as o cwqxnent d o nuclear rociut-engin system- 

3.G NRX-IW 

(a) Proved the capability 

w t i m  fm h 15 minutes witfr -in for retort  and 

OQCrotion at rutd mwer for on odd;rioml per id  d 5 minutes. 

h d  tk capability to stott up from a low-power, Iaw-f!w, 

~kodys to t t  wrotirrg c a d i t i n  ond 

p e r  level an lquidjrycbogen flow control mly. 

Provided direct pcrf~mncc doe0 on the nozzk ond prcsure vessel 

&finitely showed k t  the rcoctor is inherently stobie m liquid 

hydrogen flow cmtrol only. 

d the reactor for C m t i n u M  r o l d  power 

(b) 

hut down f r n  a mdium 

(c) 

(4 

4-c NRX/EST 

(0) Demonstrated thc feasibility of the hot-bleed cycle nuclear engine 

system for transient ond stcody-stotc aperotion. 

Demonstated the copobility of the NRX-A rtoctor to aperate at,or 

ncor,rottd c d i t i m  fm a cumulative period d approximtely 30 

minutes. (In odditim., the :ob1 eqi;ivoIent run time at mted power 

wos 54.4 minutes.) 

(b) 

2 



4.C NRX/EST (continued) 

(c) Oemtmted  the suitubility of contral-system cmepts and s d i l i t y  

d the engine system for transient ond steody-stote conditions over a 

brood 

Demomtmted the multiple-restort copobility of the engine system with 

voriars control modes by s ta r t i ng  eight times to an intermediate power 

level and three times to rated p e r .  

Demoratrated the urprbility of the exine system to occonplish bmt- 

strap s t a r t q  at c chamber-tempemture ramp at or above 100 R/sec. 

of the engine operating mop- 

(d) 

(e) 
0 

k i n g  the NRX-AI tests, there wus no evidence of lorge, low frequency vibrotiorrs 

(such os hod occutred in the KIWI reoctor series), either forced or self-excited, which would 

inply porribk dynomic insAobility in the reactor assembly. The absence of these vibmtions 

verified the odequocy of the design of the core support structure. Post-opemtive e, I linotion 

revealed few signs of the effects of the testing on the reactor conponents. 

The NRX-AZ reostcr wos operated for seven (7) minutes at 011 JV. p power level of 

813 megowotts. The liquid hyckogen flaw rate averaged 75.6 + 1.5 Ibs/sec. Owing the seven 

(7) miruks the power reoched 1@6 + 50 megowo% for 40 seconds, which verified the ability 

of h reoeior and m l e  to wiCstond the envimnmeqt at full power. The specific imgulse at 

the full-pawer hold was 745 + 18 seconds (cmcted to wcuum), and the thrust was 55,500 

poundr. During the test series, reoctor stobility was demonstmted with constant control drum 

p i t i o n  f a  proplbnt flcm rub between 5.2 and 13.5 Ibs/sec in h e  power range of 2.0 to 

4.7 percent of full power (1 120 megawatts). The fixed control drum test demonotmted the feosi 

bility of controliing the reoctor on propellant flow only. Another test was performd with flow 

rates beiween 8.3 and 13.5 Ibs/sec on dewar pressure alone (no pump operating) at a constont 

3.r -2rcent of full power. 

- 
- 

- 

Power testing on NRX-A3 cmsisted of three (3) runs. The first run (EP-IV) was ter- 

minoted after 3.5 minutes at design coditions due to a spurious trip of the automatic shutdown 

system. During EP-V the reactor was opemted for 16 minutes, 13.1 minutes of which were at 

3 



. o h 4  snditions. EP-VI was o medium power mopping and controls test. Owing th i s  test, the 

rem’% WGS operated over o range of p e r  with fixed control drums, power being controlled 

\ti& propellant flow rote only. This test showed definitely that the reactor is inherentiy stoble 

OR liquid hydrogen flow control only, which was a maim step in the simplification d controls 

for f; ine NERVA sy~tem~.  

The NRX/ZST test series colrpled on NRX reCctOr with o ‘breodbwrd” armngement 06 

engitit components in which the components were connected in o flight functi-l configmtirr. 

0ur;r.g th is test series, the hot-bleed, bootstmp principle of nuckor rocket engine opemtior. 

nos u;iIized for the first time. Engine system stobility ond Opembillty were demonstrated urder 
a rwmber of control modes and over a wide aperating range of tenperoture ond peswre. In 

a::complishing the enduronce obiectiw, the engine was operated for a tohl of 143.6 minutes, 

ot which 1056 minuter were at thrust chomber tememhrres oboe 1700°R, 24.5 minutes were 

0‘ power levels in excess af lo00 megawatts and 15.1 minutes were at thrust chanber tenpem- 

tu c Obcve 4000OR. 

4 



II. SUMMARY 

S 



of operating time m i n e d  on the core, the test series was terminated to preserve the core 

for post-opemtlve exaninotion. 

The most significant opemtiom ad occompfish~ts of the Teff Series were os 

fol laws: 

1. The lest Asrembly was opemkd for 29.4 minutes at, or above, chamber 

tempemtvrez of 3800OR d for 22.4 minutes at, or h, chanber 

MpCMhJreS Of 1000°R (OW- COm -it Qor -mhrre Wos OC 0bove8 

4000OR for 24.7 minuter).' 

2. Operotion of o new eight dec& neutronic wos demondrated. for  

EP-1 crnd EP-IV the nevtronic detecton were located on the test car under 

the Test Article and used os the neutmnic system feedbd. 

The reactor wos checked out ond o p e d  Q# d conditions using a 

temperature c o n b l  system without the neutrpnics power contml os an 

inner loop, 

The acceptability of a storhrp from law power to near rated conditions 

using pmgmmmed LH flow with dnnns in a fixed pos i t i on  was demonstrated. 

The initial criticality of the -tor was p e & d  d e r  all poison wires 

were cemoved. 

3, 

4. 

2 
5. 

T!re Average Conhol Drum Angle Test Parrmeter l imi t  of 145 degrees was 

rcocheci a fkr  a total occunuloted opemting time of 30.75 minutes at, or above, loo0 MW, 

the+ forestdling oehievement of the P;me objective, opemtion at design conditions 

for a total accunulated time of forty (40) minutes. 

The test perfonnonce onolyses md post-opemtive examination results ore d i s c d  

in Sections V and VI, rerpectively, of th is  report. 

'No thermocouples existed at the core exit plonc in the NRX-A5 or prwious reactors. The 
chamber thermocouples, located oppraximately 17 inches downstrean of the core exit plane, 
were the closest means of core exit p temperature meosummnt, The average core exit 
gas temperature i s  opprolcimately 40 R higher thon the average gas temperature at the 
then no couple^^ due to regenerative cooling of the nozzle. 
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111. TEST ASSEMBLY AND FACILITIES DESCRIPTION 

Tee NRX-AS test assembly comistd of a nuclear subsystem and thrust chomber 

orser;rbly rn3mted on a test car. The test car, w i th  its ouociahd piping, shielding and 

instrumntotion was plugged into the Test Cell "A" focility a t  NRDS, Jockass Flots, N e d .  

The frontispiece shows the NRX-A5 mounted on the test car ond cmnected to the Test Cell. 

A. NUC EAR SUBSYSTEM 

The heat source of the NRX-AS was an epitherml, graphite moderated nu.::- 

reactor having a core cmisting of 1584 fueled elements, each of hexog~mrl cross sectim, 

owoximte ly  0.75 inch ocross the flats and 52 inches long (Reference 7)- The assembled 

core forms a cylinder approximately 35 1/2 inches in diameter and 52 inches long. 

The periphery of the core was filled out too  circle by a series of filler strips. In 

the canventional (notniwl) NRX-AS periphery &sign, the filler strips were ~epor~ted from 

the outermost fuel elements Sy a row of pyrolytic grophite strips. The equivolent d four 

sectors (10s filler strips) of the core periphery were orronged th is way. The equivolent of 

. the two remining sectors (54 filler strips) of the core periphery incotpomted the hot buffer 

design which places the pyrogrophite on the outs;& surfoce of the filler strips, cousing the 

filler strips to opefate at higher temperature and, hopefully, minimizing d i o l  l e o k ~ g e  

thrwgh the cracks between strips. The filler str ip orrongemen!s ore shown on Figure 1. 

Each hot buffer filler str ip wos NbC coated on the outer or peripheml surfqce except 

for the lost two inches of the aft end, which was completely coated. The nomimi filler s t r i p  

were uncoated. 

Surrounding the filler strips was the laterol support and seal sptem which povided a 

positive mechor.ical bundling face on the core through the use of leaf springs and a p u m o t i c  

bundlis force using the high inlet pressure of the propellant. 

The lateral support system was supported by the inner reflector, o gmphite cylirder 

opproximotely 40 inches in outside aiameter. Surrounding he inner reflector wos the berj.1- 

lium outer reflector which hod on outside diameter of 49 3/8 inches ond which c o n t o i d  the 
12 control drums. 
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The control drums were beryllium cylinders, approximotely 4 inches in diameter ond 

52 inches long. Boml plates, 1/8 inch thick, were located along one side of the drum cover- 

ing an included ongle of 120 degrees. Control of the reactor wos occomplished by rotating 

these plates toword or away from the core. 

The following are the differences between the NRX-A5 and previous reactor designs: 

Elimination of the aluminum barrel surrounding he outside of the inner 

prophite reflector 

Full length pyrogmphite tile on filler str ips 

Support blocks with modified woshers 

Modified fuel element ends 

Control drums modified to minimize bowing 

Reflector impedance ring relocated to the inlet between the inner graphite 

reflector ond the Be reflector 

Tie rod moteriol was changed from Inconel750 (used in the NRXEST) to 

lnconel718 

Two sectors of hot buffer periphery were incorporated os an experiment 

Unfueled tips brozed to the hot ends of fuel elements, includes os on experi- 

ment (33 Y-12 Elements, only) 

Fuel element bore coating profiles 

Two fuel elements (WAFF) with mdybdenum overcoated bores, included of 

on experiment 

Six  skirtless support blocks, included as an experiment. 

B. CONTROL SYSTEMS 

The NRX-AS control systems, described in detail in Reference 8, consisted of the 

reactor control system which p v i d e d  o position signul to the reactor contro! drums; the feed- 

system controls which regulated the flow of liquid hydrogen by providing position signals to 

valves PCV-50 ond ACV-6; and the rofQty system which providd protection for the reactor 

in the event of o malfunction. Figure 2 i s  a fmctional diogrom of the NRX-AS control sptem. 

9 
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Figure 2. Functional Design of the NRX-AS Control System 
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1.0 - Reactor Control System 

?he reactor contra) system included both open and closed loop control modes 

and the necessary measurement for thaw modes. The system was mode Lpof the following specific 

items: power and t e m ~  

been colied No-flux Loop Temperabwe Control) drum position and fixed drum control, the 

automotic startup system, and the nuclear and :Emperatwe instrumentation. In the power and 

temperature trim control mode, the control drums were positioned to reduce the error between 

demanded and measured power and the power demonded was trimmed by the temperature trim 

controller to reduce the error between the demand and measured temperature. In the temper- 

ature control mode, the control drums were positioned to reduce the error between the demanded 

and measured temperature; th is  mode of temperature control eliminated the inner log pwer  

control loop. In drum position ond fixed drum control modes, the control drums were positioned 

by a m c w l  demand; the difference between the tw9 modes was that in fixed drum control t k i  

limiters could be activated. The automatic startup system was used to bring the reactor from a 

subcritical shutdown condition to a pre-determined power level by programming the drum posi- 

tion until the pre-determined power ievel was reached. 

tr im control, temperature control, (this mode of control has previously 

The NRX-AS nuclear instrumentation system was modified to make available the 

use of fixed position car mounted detectors. Thissystem known os the lntegroted Nuclear Instru- 

mentation System (1NIS) described in detail in Reference 9, consisted of fow Westinghouse 

WX -5362 ionization chambers and assoc ia ted electronics. The temperature i nstrumentat ion 

system provided average Station 26 temperature and average chamber temperature as feedback 

signals. The average Station 26 temperatu 

with the average chamber temperature as a backup. 

was chosen for the prime ccntrol temperature, 

2.0 Feedsystem Controls 

The feedsystem controls were the LH2 Flow and RPM Control System which 

controlled PCV-50, and the Specific Speed Control System which contmlled ACV-6. !rl 

addition, monual position control was provided for 9th PCV-50 and ACV-6. 

11 



InRPMconhol, m-% wos positioned to reduce the e m  between de- 

und meamred tubpump RPM. In LH flow control, an R Q M  demand sign01 was generated to 

reducs the error between demaded and meaoured pump outlet flow. 
2 

In specific speed control, ACV-6 was positioned to prevent the ny<rsurcd 

specific speed, as colculoted fa- turbapump 

thm the demoruled specific speed. 

and pump inlet flow, from becoming less 

xo c fetysystemr 

The safety system consisted of the scmm and flow &&down chain, the power 

temgeroture limiters, the power ad temperature limitea the suom flow taibff system, and 

the GH emergency coding system. a 
The scramand f l o w s h u t d o w n c ; , a i n ~ i ~ c r i t i c a l ~ ~ p o r a n e k r s o n d  pro- 

vided a safety octicm whenever these parameters reached o pre-determined limit- The p e r  

and tenperatwe limiters conpored rhe meoWred p e r  and Station 24 knpemtire with pe -  

set safety limits. l f  either the measured power or teemgerntue exceeded the limitr, the l imit- 

en  moved the control drums *a decrease reactivity onj redNe reactor power and tenpemture. 

There wc I two modes of limiters available; a vefocity made far use with temperature ar tenp- 

emtwe trim control and a fixed drum mode to provide limiter protection when opemting in 

the fixed drum mode of reoctor control. 

The power ond tempemture inhibitors were desi@ to deoctivote h e  power 

or temperatwe trim controllers, if the tespective error input s igmls  to these eontrollers ex- 

ceeded preset limits. 

The scram flow toiloff system provided o progmmmd decreuse in LH flow 

during a Scram, thereby preventing a reactor owicooling following o ) c ram and preventing 

the pump from entering the sta l l  region of i ts operating mop. 

2 

'The GH emergency cooling system provided control of GH for reoctor 2 2 
cooling in event of o flow-shutdolnn. 
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Owing the NRX-As tcrtr, a new pid hip circuit *rol m!u~kd in a side-bpsidr 

test. The trip circuit raltcd on a differencing principle by corrpairg ttu chorqe of nrowcd 

lag 

bkmrincd by thc p ' k d  hip setting. fht h;p circuit 

of the period trip t i n u i t  to noise. In all costr -tea, the p k d  trip circuit qxmkd as 

designed. NO alvlMt rroiK e k b  rrtrt n o d  wi ih  this t y p  pied trip cinuit. 

duing a prr-dttermid tim interval wi th  o nprimm o l l d k  chmgc in power 

b'H to re&ce the Kmitivity 

C- E S T  FACIUTIES 

The NRX-AS tert series wos p d d  at the Nuckar Rocket Dtn1-t S t d o n  

(NRDS), b c k  FIG% Newdo- This facility, dwigwd and creckd erc l ra idy  for the tcrt- 

ing of nuckar d e t  engina and canponnts, is jointly SQoraorCd by tk Atomic Energy Can- 
mision (E) d Notiorel Acronoutia and * Ahir;istmtion (NASA) through the Spce 

Nuclea I)ogrrlrion Office A plot plon of rht MDS is hcmn in F i g w e  3. 
fhFn of thc nmja fmiliticr at NROS were d for ihe testing d the WX-AS. 

lkse were: lest Cell "A", Rcoctor Maintenonce and Oisasedly building @-MAD) and ik 
Control Point (CP). 

1.0 Test Cell "A' 

lert Cell "A" is o conplcx of fluid staogc and piping s y s m ,  wthcr with 

the necessuv ins6trumentotion and o h  sqiport systems recessmy to cmduct tcrtr on an NRX 

type iest article. The NRX-AS flow diagram d Test Cell "A" is sham on Fig- 4. 

2-0 Fluid - 
l e t  Cell "A" hos &ret Lt-$ run de-- with a total capoeity d lS6,OCXl 

goll~m, a quontity suffic-knt for approximately 15 minutes of full power aprotion d tk 
NRX-As rcoeta- 

The LH2 poplbnt is punpcd ta the reactor by means d o  hffbaQunp &ken 

by high presswe ~ o ~ o l n  hyhgen s t o d  in seven (7) h'& pmrun storoge bottles his a 
c d i d  v d u ~  d 12,275 cubic ked. With an initial p r e u v ~  of 340 pig. this c-ity 

is wff ic imt to urpport a IS minute full power cun and s t i l l  min-in o reserve sufficient to 

13 
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which 

he  :Y drum roll aut method (Reference 1 1). 

vevy fovaobly with the -men& pia to initiol criticality using 

2.0 Ntmmia C o l h t i ~ n  

 aft^ @arming cht initiol criticality ond scmm check aperatirrs, o gold 

wire nc~koniCr dbrotim run (10 KW for 6 minutes) was carried Out. Results of this tert 

s k w d  b& the WOW tonk detector psitiaa and the I N I S  detecton to be reading v e r y  m r l y  

Two ~m f'm tests were performed. The first using gaseous hydrogen 

ot d i t  teqerutwe a d  f lamtes to 24 Ib+c., provided doto on system pressure bops 

ad the plnformanoc d tk KV-41 Presswe Controller and the KV-41 Flow Rate Controller. 

Step m~orae mmmwemmts #ere lRode on the KV-41 Pressure Conholler and the K V 4 1  

Flow ! b e  Controlkr ot I2 itts/sec. Tht system pecwet and perwe bop were in genera! 

o prdiekd (Reference 12). The performonce d both the PCV-41 Reswre Ccmtroller 0.d the 

KV-41 Fiolrr Rotc Controller rros sutisfoctory. Response mecrsuremenh were clso obtoined on 

the power crnblkr  using the INIS system. The performonce cf the p e r  controller wos satis- 

factory. The second test, using QOS~OUS nitrogen ot cryogenic tenperotures at a nominal flow 

roe of 10 k!sec insured that thc teqmature tmns&cers were functioning pmperly- 

18 



b. LH flow Tests -2 
Two LH2 flow tests were M to check the SCRAM flow decoy, the 

first too flow rote of 60 b/sec d the second too flow row d 71 IbJlw. These llrrh~l.ra 

performed with ACV-3 c l o d  and tht Lk$ flow by-pcming the reocta to the -in fb rkck. 

Both tests were terrniratad by a ~ m m ,  follawed by o fb drutdoarr 
from 25 Ihs/sec. The perfomonce -f rhe Kcom f low decay syskm agreed w i h  the w l a g  pm- 

diction of the system performnce. 

Q. mi, PHASE II NEUTRONK: CALIBRATION, POWER LIMITER ctiwarT AND 
VALVE EXERCISE PHASE 
Experimental Plan II of the NRX-A6 Test Series was pcrf#mcd QI Jum S, 1%6, in 

occordonce with Reference 13. Significant Opmtim included: (1) Phose II NButrunic Coli- 
brution, (2) Power Limiter Checkout at Icm power, and (3) Valve exeacix- 

1.G PhaK II Neutronic Colibmtbn - - -- 
Dving this PhQC the Neutrmic S y s m  Roms were odjusted hosed qmn the colibro- 

tion obtained during EP-I. This wgs f o l l d  by a set of cros-correbtion nwww~nmnts OII 

the power controller at 50 W .  Resulis of the m - c m b t i o n  meosuremerrts ore discussed in 

detail in Reference 14. 

of approximately IS KW-hous was obtained (for Icm p<Mer dosimetry id io t ion) .  

reactor power wgs then m o i n t a i d  at 50 W tmtil a pawer integml 

2.0 Power Limiter Checkout 

The power limiter was checked out in both the power cantrd and fixeddrum amtml 

modes, by setting thr? limit at 4 KW and i-irrg power from a 50 watt level until the limiters 

were &served to be limiting. 

3.0 Valve Exerc'k! PhQe 

All volves and systems to be u58d duing the full power run, exeep h i e  which 

would release gas or iiquid, were exercised with the reactor at a power level d 50 wotts. 
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C. EP-Ill, FIRST P W E R  TEST 

Following Ih. c3npkt im d EP-ll, EapwimntsI Pbn 111 wos olro occonplirid an 

Jum 8 1% in occordonce with Reference 15. 'i)w nroior *;Sctive af EP 111 wos ta jecrote 

the test ortick ot r o d  cdi t iar r r  for the npximum durotim capot ibk  with the liquid hydro- 

gen starog. ca+iliti.r of lest Cell 'A". 

fignificmt -ti- inclthd: 

1) 

2) 
3) 
4) 

w r o t h  ot 01 ab- loo0 MW for 16.1 minutes 

Checkout d the power ond teqeroture iimiters 

Crou-catcbtim nuaruennh on tta RPM loop or r o d  conditions 

Checknit old -tian with the no-f;-:* 1enp.mtwe Conidler 

Following on outockrt to o pawcr level d on nwgorott, cha full power test wos initioted wit)\ 

i ~ n m ,  Stotion 26 k V h r c 8  ad L? flow rote p0gmm.d. The chamber temprotwe woi 

mffped tD ZOfMoR ot 5O0R/= at which point the teRpsmtue limiter was checked 3ut. Reactor 

control wos then switched to no-flux temperature control ond o respnse measurement perfamed. 

Following e thermal colibrwtim the c h o k  ternpemh~ wos romped tq to &sign power ot 

50%/sec. The pmer limiter was octivokd or 80 percent power ond begon to l imi. i a t p r i m  

to otkrining full poser conditiarr, mcsti-tirrg miring the setting enough to operote st full 

poww conditions. 

full power. These krted for 25 seconds and were attributed to o shorted T-26 thermocouple. 

This problem is discussed further in S i k t ; o n  V.F. 1 of this report. 

There were modenrtely *vere oscillotiaa in power, shortly ofter reaching 

After reoching desgn point c d i t i o n r ,  the power ond tenperoture limiter ond their 

intemctims were checked 3ut both in no-flux !xp kmperoture control ond fixed drum con- 

trol. This was followed by aosz-carelation measurement on the RPM loop. The reoetor wos 

then held ot design point for the duotion d the test cell liquid hydroger. coplrbilities. The 

full p e r  hold wos terminoted ot the W2 cut point of 5,800 pounds in Dewor C fol lwing 

the isolotim of Dewors A o d  B ot 3,50C pounds. The lower limits on gosews hydroyen sup- 

plies were not reached. Chomber tetqierotue wos then romped down to 25OOoR at which 

point the reextor wos scrommed. This  wos followed by o flow shutdown ot lWoR chamber 

tenpemture. 
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lhe tom1 time ot or above lo00 MW wos 16.1 minutes and the toto1 integmted power 
6 

for the first full p o w e r  krt WOS 1.1 x 10 MW-sec. Figures 5 and 6 shw -tor performonce 

pornmaten ond operating mop, respectively for €9-111. 

fh. vt-test criticolity mC<nummt wos mode on June 8, 1966. The drum bonk 

critical p i t ion ,  wi th  the rcoctor at nmiml ombient conditiora, wried between 

102.6O o d  103.4', depending on thc pOwer kvel. The bum bonk critical p i t i o n  prim to 

EP-III WOS 98.8 01 determined duri- the scram check phoK d EF-11. This gove on apparent 

drwtl Qolitim chow, from p - t e s t  to pest-test, d opproximtcly 4' and indicates thot thc 
fuel ekrmnt corrosion rr01 within pcd ico t im (Reference 7). i t  wos o h  noted h o t  prelim- 

i n a y  Qvolwtim of the effluent cloud sompks shows thot the Mo ccmcentmtion (used os o 

measure of c m i m )  wos d y  Ij?ot)l of fie concentrotion forrxi in the effluent cloud from 

EP-IVI of NRX/EST. 

0 

99 

0. EP-IV, SECOND POwLR TEST 

The fwth ond last set of tests of the NRX-A5 Test Series wos p e r f o r d  on June 23, 
1966, in occadonee with kference 16. The mja djective ef this experimentol pbn was to 

o p o k  t)rc test article at row canditiom for mximum duration of h e  test cell liquid hydro- 

gen s t a q p  copobilitier. 

Sgnificont operations included: 

1) Fixed h m  s t a t u p  frcm 30 KW to neor rated conditions 

2) operatian of the r e o c t a  ot or above lo00 MW fur oppoximtely 14.7 minutes 

In pepomtion f a  the fixed drum stortup (no dmm movement), a p e r  level of 30 KW 

wos established; the drum were rototed in two (2) degrees from the cold criticol positim 

(making the reactor subcritical); snd the LH2 flaw rate wos romped to 10 Ib/sec and held 

(reaetor brought to criticality on LH2 alone). When the power hod increored to 20 MW, the 

u.l flow rote wos mmQed t t  rated in a flow manner to give o nominol XI R/sec chomber temp- 

emhm romp. Cantrol wos then switched to No-flux Temperature Loop and chamber tempero- 

hrre and power increased to rated conditions. While at rated conditions several small correc- 

0 

2 
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tiom were made to the Station 26 temperature demand in order to maintain a chamber tempera- 

ture of approximately 4090 R. Rated conditims were held unt'! the test parameter limit a 

drum position of I E 0 R  was reached. A normal shutdown was then carried out w i h  a scmm 

initioted at 2500'R 1 and a flow shutdown at 1500'R T . Al l  facility and control system 

performed as expected and no major anomalies were noted. 

0 

C C 

The post-test critical meosurements for EP-IV were performed on June 27, 1966. 

The critical drum position at neor ambient conditions (at o power level of 50 KW) was found 

to be 137.9 (pre-test dru;., position was 102.6 as d*?termined during 50 watt scram checks). 

Measurements taken during the post-test criticality test were used to determine that the shut- 

down margin ut the 138 drum position was approximately $7.9 which compores favorably w i t h  

the test predictions (Reference 12). 

0 0 

0 

Al l  obiectivespxcept the major objective,were successfully carried out. The Average 
0 

Control Drum Angle lest Parameter Limit of 145 was reached after 14.7 minutes of reoctor 

operation at or above 1000 MW, precluding ochievement of the major objective. Enough liquid 

hydrogen remained for approximately two minutes of full power testing. Figures 7 and 8 show 

reactor performance parameters and operating map, respectively, for EP-IV. 

E. EP-V, THIRO FULL POWER TEST 

2P-V (Reference 17) was not performed because the pre-test determined shutdown 
0 

limit, an averoge control drum angle of 145 , was reached at the end of EP-IV. 
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A. ff RFORMANCE ANALYSIS 

Two full power errcLraKx tests were p e r f c r m d  &ring tk NRX-A5 rrrt series. lk 
-d M t  f-tved o r ir td C ~ ~ W O I  bum 

rtmrtup (30 KW to neor full pawer) to Qte in the NRX testis pcogmm. The stortaq rros ex- 

tremely smooth with a peok rate of - of & d e r  temprotwe of 5pR/nc md o mini- 

n o ~ t r n  perid of 1.8 seconds- Thc occunrbttd run time f a  both - tests wos m-1 

minutes oboue 3700% nozzle chombtr tccrpenrtwe d 26.5 minuter above %IO% nwk 

cholllber ter;gerature. 

over tht gcomt rongc fa L i s  r;rodt d 

&rt estimated chamber temp?mhrre# flow rate, ond therm01 power were cocrpukd for 
10 steady rtote points. Steady state c o m p a i s ~  between test doto ond TNT (Therm01 and 

Nuclear iromients Program) calcubtiom were mode far four of these points; two points each 

for EP's 111 ond IV. The conprison be- the measured and calcubted perfanuance pao- 

meters for the four steody stow points i s  presented on Table 1. In odditim, tromknt corrpa- 

isam were mode far both stortlcps and the EP-IV shutdawn. The conporistms between test doto 

ond calculatiw are reasonably good for all ped~rmance pamme-. fhs inprt poromters 

for t+te EP-IL startup colcuktion were control drum position and flw rote. The calculated 

power bosed on these inputs is in good agreement up to 400 MW; at higher power the corn- 

puted p e r  i s  &art 10 percent low. 

The nuclexx decoy power wgs cor?lputed from rest doto obtained during the cooldawn 

following the first power Test, EP-Ill. Figwe 9 s h w s  the colculoted and predicted decoy 

power. The comQorism extends from 0.5 to 4.5 hours after scram and covers o power range 

from 2200 to 200 KW. The experimental decoy power compore~ satisfactorily with the decoy 

power predicted by Revision 1 of the S-4 (Fission Product Energy Release) code. 

Doto obtoined during the neutronic calibration test of EP-ll WOJ used to determine 

the relationship between rate of core temperature chonge ond power without coolont flaw. 

This onolysis indicated that o detailed multi-node model of the core and reactor is required 

to odequotely simulate this relationship. The computed temperatures shawed good agreement 
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Figure 9. NRX-A5, EP-Ill, Decay Power 
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6. REFLECTOR SYSTEM, SEAL SYSTEM, AND FILLER STRIPS THERMAL ANAL’rSIS 

The average m e g ~ u r c d  refkctor perrue chop during the €9-111 NRX-As full power 

hold WJS 34 pi (2* vorionce + 2.2 psi) os corrpored to the cokubted value of 35 psi, ond 

&ring the EP-IV full p e r  hold, it ws 31 psi (20 wrionce + 3-6 psi) 05 conpored to the 

colcubteci volue d 34 psi. The overage reflector rFtem persue &up or full power f a  pe- 

vi- reoctrlo was 41 psi in NRX-U, 41 psi in NRX-A3, and 43 pi in NRX/EST. The re- 

ductim in the reflector p r e ~ ~ e  drop in NRX-As wof ptinwrrily due to the d i p  in the 
refkctor cooling chonnek, mmely, h e  odditim of o lorrgitudid slot in the cmtrcl bum 

cylinder ond the enhgement of the C d i r r g  hole size in he inner reflecrtr b e l .  

- 
- 

The m m d   tor d drum mrterial tenpemtuer ot full power conditim c ~ m -  

pored very well with post-test colcubtiars. Continued tenpemture increase5 of he beryl- 

lium ond the grophik during the full power hol& were olro otkerveo in NRX-A5 CIS in NRX- 

A2, NRX-A3, ond NRX/2Sl. The overage r o b  af temperature rise ot Stotion 32 for these 



reoclon or, approrinately ar ~ m , :  fa h y ~ ~ i u m  i . f i /min,  fa tht Wite ~ ~ B W = J ,  

7.2%/min at R = 19.2 ia d 185°R/(nin at R = 18.2 i&. 

At the s10rt of tk first full M tk uol chornkr coobnt ark1 

PIEBIIC, dbtribrrtiar wus rht YIIC QI pdickd, art as tk test cmtinurd, h 

wrcmd-bod -ion &oeasei with ti-, as h Fig- io. which h 

ut chc 

d the bkml oup~ort seol s y s m  in WX-AS a d  NU</E(,f. The -ti*. d 
rk -1- 
f low in the s e d  chombrs- 

rr01- b y  C- p i p b y  m i a r  u4tich pcrtvbd t)r calont 

Tmrp'mt t k d  mlpir d t)lt hot filb $%ips e Q C r f r d  m &coil 

beamse 39of h Sstrips in the hotMerre(li0nrcrc fard robe broke3 in cue or m<)rc 

p h  d u i r q  rhc port-apcntive exam;mtiln 

m i n e d  :net, It was hlPot)reJSzed hot bidging d ttx hot buffer f i lkr  strips =curred Qlr- 

ing 

severe tensile stresses in sam cases. The tcciperotwe d i f f m t i d  wos due tc he different 

strip thicknesses. An onoly6s of tk EO-lV sh&o h~aicrrt, ccrfamcd far a 30 a recta 

of the hat brrtfer filler skips nrulktd in o moximun cafcubkd tcnpcrotum diff- d 600%' 
be- the e avemge ad tht c o b t  s t r i p  cat Stmtim 38 i d e s ,  

Haavtr, all k s t r i p  in the m;d q i a r  

Tht teaprom differrrthl be- &:dyed f i lkr  s t r i p  resulted ;n 

S d y - s b k  moxicnm tenpemtuw in filler s h i p  were d using -1 c g -  

suk +cements in five hot buf fer  fi!!er str ips and me n o m i d  f i lkr ship. The indicotd 

-1 cepsuk t e m h r e ~  in the hot buffer filler strips we= genemlly in ogrscment with 

predicted volucs (Reference 7) except ct h e  hot end where ihe mowed teqteratures were 

lower t!um pdicted, Le., about 1000°R Iawer than the 4m0R value predicted ot Statim 50 

inches. Thenrol CapHlIe Snpccratures -d in h e  nominal filler strip were within he 

range of predicted volues. 

Aside from the hot buffer filler strips, the reflector ond later01 suppxr system per- 

famed satisfoctaily k i n g  h e  NRX-.25 power tests. Al l  reocton from NRX-A3 through 

NRX-AS performed consistently ond oll  predictions ond post-test colculoticms ogreed fmorably 

with obrervations. 
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Figure IC. NRX-AS, Normalized Seal Chamber Pressure Profiles 
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With the exception d ?ht hot krffer filler s t r i p  region in NRX-AS, the m&ls ad 
the onolytical proctduts for the reflector system d the NRX reactors are sotidoctory ond can 

provik design ewlurtion and predictims .rvith a high degree d OCCWOC~. fm the filler strip 

region, 0 more &biled ormlyticol m&l i s  required. 

C. CONTROL DRUMS 

%e ~yosured waxitcum temperature differences across the diameter of the control 

drum at core Stat ions 8 and 32 were less than l5OR during the EP-Ill and EP-IV slorty#. This 

tecperatwe difference is very s m l l  =-fed to the moximm v o l a  d nO R 

NRX-AI (cold flow tests),120aR in NRX-A3, and 80% in NRX-EST. Tinis significmt reduction 

in knperotwe difference was due to the cooling channel (a slot of 110 degree arc length and 

0.1 16 inch depth) added in the control drum cylirrder apposite the vow. The coolant flm in 

the slot tends to egwlize the chilldawn effect on both sides of the cylinder so thot the result- 

ant thermol bow wos reduced. Control drum r&bi% did not occur during the NRX-AS stwtups. 

0 
in 

0. CORE THERMAL ANALYSIS 

The NRX-A5 overall performonce agreed reasonably well wi th  pre-test and pt- test  

predictions using anolyticol models similar to those used for previous reactor ~nalyses. 

Tempemtue distributions within the core were obtained from the continuously re- 

cording thermocouples located in the unfueled elements at Stations 8, 20, 26 and 32 ond from 

thermal capsules which were also located in the unfueled e!ements a d  indicated maximum 

temperatures achieved during ;:e test. There were also six thermocouples located in a 0.024 

inch diameter hole drilled into the inlet end face of hree fueled elements, IAIG, 5J9T and 

6J4H. Each of these elements had one tkxmocouple at core Station 0.5 inch and at core 

Stotion 1.0 inch. Thirty-two of the thermocouple locations were preszlected to provide data 

for a post-test statistical analysis. The temperature distributions during steody-state operation 

were essentially tlat with minor variations caused by local differences in core inlet temper- 

ature and o major variation caused by corrosion and drum movement near the end of the EP- 

IV. Figure 11 indicates the flat temperature profile at the start of the EP-Ill high pcwe.r hold. 
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Thermocouples in the core central region experienced a shorp decrease in temperoture ot 

voriarz times during EP-IV under otherwise steody-stote conditions. it ir believed tho9 this 

behavior wos due to severe local corrosion Or the fuel elements. 

The maximum temperaiu-2 iq  the core central region, meosured with a therm01 cop- 

rule at Station 44 in on unfueled clemnt, wos 470O0R + 100 a shown on Fig- 12. This 

tenperatwe pobobly occurred ot the star t  of EP-Ill with the control drums at 109 degrees. 

The maximum temperature meosured at the core periphery w g s  4840°R which pFobably occured 

at the end of the EP-IV with the control drums a t  145 degi-ees. The average colcubted fuel 

e!ement exit gas temperetwes that corresponded to these maximum sensor temperatures were 

4277OR or4 4275Or2, respectively. 

- 

Analysis of variance on the core hrmocouples indicoted a slight dial and circum- 

ferential tempcrotrire variation throughout most of the f d l  p e r  life, but thot a strong d i o l  

effect did not oppeor until the end of EF-IV. During full power operotion with the control 

drum position varying from 109 to 145 degrees, no azimuthal tempemture voriotion rekrted to 

power scalloping due to cmtrol drum romtion was detected. At the low power (229 MW) hold 

in EP-Ill with control drums at 97 degrees, the stotion 26 thermocouples indicated a slight 

azimuthal temperature variotion, which could hove been related to the power scollopirrg. 

Measurements of core pressure drop were from 5% to 8% lower thon post-test cab 

culotiom at the full power holds. Port of this difference i s  attributable to a change in flaw 

impedance caused by significant bore corrosion and part must be attributed to lower friction 

factors than predicted. 

The tie rod moterial temperatures at the core exit plane were measured in seven 

clusters and were nominolly in agreement with calculated values at full power. At low power, 

the calculated temperatures were about 60 R cooler than measbred. The latest thermal con- 

ductivity data on pyrographite sleeves was used for these calculations. 

0 

Cracks at the corners of the peripheral fuel elements were observed in the NRX-A5 

and previous reactors. One possible contributing cause of these cracks could hove been temp- 

erotur? variations within elements and between elemelits during transients. A transient therm1 
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analysis on a portion of the J9 fuel cluster was performed. Stress analyses indicated thot the 

calculated temperature variations alone were insufficient to hove caused failure of the elements 

unless the cross section was considerubly weakened by corrosion. The mtching of the outer- 

most comers of the peripheral fuel elements in the nominal (cold) filler strip sectors appeared 

to have been caused by the radial inflow of lateral support ccdant. 

E. NUCLEAR ANALYSIS 

Analysis of the NRX-AS and NRX/EST data indicates that detector placement has 

proved to be of high importance in deriving quantitative sub-criticality by the inverse multi- 

plication method. Although the estimated shutdown i s  relatively insensitive to axial displace- 

ment of the detector from the source plane for the source-detector-reactor geometries tested, 

i t  is a function of the radial distance of the detector from the reactor vessel surface. A 

"close-in" detector at a four-inch distance can be expected to give a conservative estimate 

of shutdown, while extrapolations fr - a ''far-out" detector, at a 36 inch distance, should be 

suspected os nonconservative. 

An understanding of the inherent reactivity of the NRX-A5 reactor was demonstrated 

by the relatively close prediction of initial criticality. The actual critical drum position of 

99.3 degrees compared well wi th the final prediction of 95.0 degrees and reasonably well with 

the 93 - + 7 degree angle originolly sought at the time of reactivity shimming during assembly. 

It has been shown that the inverse multiplication technique, i f  calibrated by rotating 
0 

one drum to 180 , may be used to quantitatively estimate shutdown in dollars. In the deeply 

shutdown condition (about $10) conservatism i s  good and as the poison-wire-free condition i s  

approached, precision becomes very good. 

The analysis of drum worth data (1) confirmed the uniformity of the individual drum 

worths, (2) showed thot single drum insertion and single drum withdrawal techniques are es- 

sentially equivalent, and (3) indicated :hai the NRX-A5 control drum span was $8.2 compared 

with the preaicted $8.5 + 0.3. The power control technique used for uniformity of measure- 

merits in th is  test series i s  evaluated as excellent and i s  recommended for further use. 
- 
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The low power, core Station 8, temperature Coefficient of reactivity, inferred from 

the test data as -0.182 $/ R, i s  in excellent agreement wi th  the NRX/EST value of -0.19 $/ 
0 

R. The power range over which this coefficient i s  clearly applicable, is  approximately 53 

to 100 KW. Use of the analytical core coefficient, -0.11 (/OR, should be continued at con- 

ditiom of very law power (100 watts, for example) and where core temperatures are fairly 

uniform. 

The beryllium reflector temperature coefficient of reactivity has been found to be in 

the ronge of t0.069 to eO.092 * / O R  near ambient temperature. Agreement wi th  the calculated 

coefficient, +0.0943 $/OR, i s  reasonably good. Thus, the calculated reflector coefficient can 

remain in use for correction of near-ambient reactor conditions. 

The total reactivity loss in the NRX-A5 test series was 52.36, based on the change 

in ambient critical positions. The variotion of the loss with time was again found to be ex- 

ponential, taki,- the form: 

A P ( t )  = 5.7 (exp (t/8.23) - 1.0) 

This loss function has been supported by statistical analysis. 

The 50B discrepancy in EP-IV, between reactivity loss duriqg operotion and that in- 

ferred from the pretest and post-test criticals as indicated by early analysis, has been explairted 

essentially by hydrogen accumulation in the corroded areas and hydrogen diffusion into the 

natural pores of the fuel in the early stages of the test. 

The NiZX-A5 reactivity swings to full power are well represented by the NRXBST 

empirical reactivity feedback model. The one sigma uncertainty in the model has been found 

to be 7.25$, with a 98 percent confidence range from 5.221: to 11.634. 

More complete information on NRX-A5 performance analysis, thermal analysis, 

nuclear analysis and associated analysis i s  given in Reference 18. 

F. CONTROL SYSTEMS PERFORMANCE EVALUATION 

A l l  NRX-A5 cmtrol systems operated satisfactorily and as predicted. The only 

anomalies which occurred were caused by component malfunction. 
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1 .(i Reactor Control System 

During EP-I, frequency response measurements were made of the power control 

loop. The test data frQm these response measurements show good a9reemer.r with the predicted 

performance, see Figure 13. The temperature t r im control mode was used, only during EP-Ill, 

to ramp the chamber temFerature to 2090 R. The temperature t r im controller performed satis- 

factorily and as expected. 

0 

The development of the temperature control mode, of the reactor control system, 

was completed with the NRX-A5 tests. Thi? :ontrallet had not been previously used on a 

NERVA reactor at design conditions. The temperaiure control mcde was introduzed duri,ig the 

2000*R chamber temperature hold, which insured the srcbility of the temperature control loop. 

The temperature demand was then ramped at 50 .i, sec to design canditiorr. The behavior of 

the system during this ramp agreed extremely wel l  wi th predictions as shown in Figure 14. The 

steady-stote error during this ramp was between 40 and 50 R cornmred to a predicted error of 

42 R. The ramp was prematurely terminated by povver 1:- liter action. This p w -  limiting 

resulted from an error in cdculating the power correction factor, and there'ore, the power 

limiter setpoint, and was completely independent of the temperature control loop perform. we.  

0-9 I 

0 

0 

Oscillations of power and temperature occurred during EP-Ill, while operating 

at design conditions in the temperature control mode. These oscillations were caused by the 

temperature ccntroller and temperature limiter responding to non-real temperature pulses seen 

on the average measured Station 25 temperature channel. The non-real temperature pulses 

resulted when one thermocouple, whose output was used as an input to obtain the Station 26 

average temperature, failed to maximum output in  a pulse manner. During the remainder of 

Ef'-lll and EP-'v, the temperature contrdler performed satisfactorily am! as expected. 

The INlS system used on NRX-A5 proved quite satisfactory for use with the 

ccntro! system and the test data showed the INIS system to be more aczurate than the water 

tank detectors. The INlS system performance i s  discussed ir, detail in  Reference 8. 
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Figu-e 13. Mwsured Frequency Response of the Power Control Loop at I Kilowott 
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. 
20 Feedsystem Control 

The M2 Flow and RPM Control System performed satisfactorily and 05 expect& 

during the NRX-AS tests. Typic01 comporisons of mo~ured ond predicted flow profiles for o 

romp demand are show? in Figure 15. 

The Specific Speed Control System operated properly during most of thc test 

series. However, during he dynamic dato experiments of EP-Il l ,  ACV-C opened and remined 

open following the conclusion of th i s  experiment. The opening of K V - 6  ond venting of LH 

duing the dynamics data experiments ma not obnornol, but the valve should hove closed 

when these perturbations d. The case of this anomoly is believed to be either on error 

in the specific speed setting or loss of specific s p e d  calibration, which wuld  cwse on in- 

odvfftent setting error poaibility combined with o m o l l  enw between mcmved RPM and the 

RPM signal seen by the specific speed asntrolkr. 

2 

One onan~ly  occurred in the ~ m m  and flow shutdown chains duing the 
NRX-AS test ser-k. This cromoly wus on erroneous floating p o e r  scram which occurred 

during EP-Ill. Since this input was by-possed ut the time of the arrornaly, the errorreom 

floating power scram had no effect on system opemt'hn. lhe c o w  of the anomaly WOS OF 

Open resistor m the electronic eqvipnent W i n g  the scran choin. 

Checkout of the velocity mode d fixed drum rode power limiten wos pr -  

formed following the neutronics caiibmtion p h e  of E b l L  Both modes of power limiters 

showed sutisftctory transient response ond stability during this checkout. 

The velocity mode temperature limiter WOS checked out duing EP-Ill at o 

Stotion 26 temperature of 15oOoR. lh ic  checkout assured the stability of the velocity mode 

temperature limiter ad compad favorably with predictions. Ihe combined checkout of the 

power ond temperature limiters operating together in both the velocity ond fixed d r m  modes 

WOE performed duing the full power hold .zf EF-111- Agoic, the limiter action during the 

transient was stable and essentially w predicted. 
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BQed on the NUX-A2 through NRX-A5 dosimetry test data, along with calculations 

-.here d, typical rodiatior. potkms around an NUX reoctor in Test Cell "A" were &- 

tsmrined. The dota are presented in the form of iso-flux contom for fist neutrons, iso-dcse 

rate cmtours for gamma mys, and iswheatin9 rate contous for radiation heating in aluminum. 

These doto, which a e  presented in Figures 17, 18, and 19, respectively, am considered to 

he occu~k ,  generally, to within a factor of two. 

Fast neutron fluxes (E >29 Mev) mere obtuinard using sulfur pellets Thermal neutron 

fluxes (E>0.4 ev) were also mea5ured wing born and c o d m i u m - c o d  gob foils. Both t)le 

fort ad themmi neilhon flux doto ae in good ogeement witla similar data obtained during 

the p i o u s  reactor ie?s?s where e0mgorisx-s ae valid. 

Gommo ray dose rates were meosvred rsing both hemluninescent detecton a d  

tiiver m e t q h q h t e  glnt detecton, At !oeotiom close io the reactor, ;.e., up to five k t  

froRl the center of h e  core, the NRX-Kkmawrements were in d l e  cgreement with 

pev'loraly meorwed p r a m  my dose rates. In 7 1 ,  t. . -mma my doto obtained at 

m r  distwrces were found to be leSr reliable than hat obtaired from the earlier -tor 

tesis. This con be attributed to ihe uncertainties i3 the high ~ommo my bodrgrolld ot the 
iest r0C;lity producd by the occurnulotion of residual activity from the testing of previous 

reactorr 

H. POST-OPERATIVE R A D  IOCHEMlSTRY 

Following the NRX-AS power test, the integrated d i a l  ad axial fission dhtri- 

b i o n  was established by goss mdiotion measurements and radiochemical analysis (Refhence 

19). bk in the NRX/EST postaprcrativs onolysis, a ~ompcm~bn of these NRX-AS 

Rlents with pdictiont wos more difficult than in N8X-M ond NRX-A3 due to the high loss 

of mattrial fmri the fuel elements during the test. 

An effective drum ongle of 119 degrees WQI obtained fw he  entire test profile, 

enabling the calcul~ted power dktribution to be compaed directly with that derived from 

the grost mdiotion m e o ~ o  ,merits. Rior to comparison, the activity measurement for eo& 
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element was adjusted to account for?he reduction in intensity associated with loss of fission 

p;cducts by corrosion. Three independent methods were used to derive this correlation. ?he 

first method utilized the changc in activity as a function of weight loss for elements from a 

given locaticn, but in different core sectors. The effects of corrosion were also estimated by 

analyzing individual element deviations, from (i trend in the rrltio of the experimental to pre.- 

dicted fissions per gram values in the integrals of the measured and predicted axial power 

distributions in fuel elements with large weight losses. 

A comparison of the adjusted experimental fission product activity wi th  the 119 degree 

effective drum angle predicticn shows a maximum difference of 4.7 percent on a per dement 

baris. The differences noted were due mainly to design differences between the NRX-AS and 

NRX-A3 reactors, since the prediction wos based on the NRX-A3 test results. PAX power 

measurements have since shown hot the fuel I d i n g  differences between the two reactors 

would couse power changes of as much 05 5 percent. Smoller errors than th is  were introduced 

by the code 32 element powet pertwbotions that were applied to the predictions. Recent 

PAX-E perioheml power measurements (Reference 20) which mapped the complete core boundary, 

both with fueled and unfueled partial elements, hove since shown that these perturbations were 

s l igh t  I y unclerest imatd. 

The NRX-AS predicted axiol power distribution showed yood overall agreement with 

the p m m o  scon measurements. mis agreement wos similar to that seen in the NRX-A3 analy- 

sis (Reference 21). 

A comparison of the cold PAX-D power distribution and that derived from the NRX-A5 

post-operotive ionization measurements indicated little or no difference in the cold and hot 

power distributions except in the edge fuel elements where the observed cold-to-hot power 

change s h o d  a definite rise. This cold-to-hot power swing i s  slightly more pronounced 

than observed from the NRX/EST data (approximately 2 percent). 
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V 1. POST-OPERATIVE EXAMINATION 

The NRX-A5 Test Assembly was returned from Test Cell "A" and placed in the 

Disassembly Boy of the R-MAD Building on July 6, 1966. 

time and continued until approximately September I, 1966, at which time al l  subassemblies 

had been dismantled. Post-operative examinations took place in the Disassembly Bay and 

the R-MAD hot cells, w i th  some non-fueled mechanical tests, fuel element examinations, 

and metallographic examinations beipg performed at LASL, Wing 9 of CMB-14. 

Disassembly was initiated at that 

A general evaluation is given in summary form in the following paragrcphs for the 

major components composing the NRX-AS reactor assembly. 

A. OUTER REFLECTOR SECTORS 

The condition of the Outer Reflector Sectors was good. Al l  sectors were dye 

checked for pssible cracking of the webbed areas. No indication of cracks was observed 

on any sector. Dimensional measur-nents obtained on four sectors showed no significant 

changes from pre-operatior,al dimensions. 

B. !NNER REFLECTOR AND SUPPORT SYSTEM 

The ARX-AS design incorporated a new axial support system combined into one 

assembly to facilitate handling and to provide axial motion limits. This function was formerly 

provided by the aluminum barrel which was eliminated from th i s  reactor. The graphite 

cylinder was modified to be compatible with t h i s  axial support system and improved latercl 

wpport system. 

incorporated, and the impedance ring was relocated to increase h e  margin of safety of the 

inner reflector cylinder. 

sat isfac tar il y . 

In addition, an improved method of retaining the nozzle end seal wos 

All components of the inner reflector system and support perfarmed 

C. HOT BUFFER FILLER STRIPS AND TILES 

An extensive amount of breakage and corrosion occurred to filler s t r i p s  installed 

in the hot buffer region of the core. A total of thirty-nine of the fifty-four hot buffer strips 
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contained breaks in one or more of the following areas: 

at  the forward end at the cut-out for the core band and fuel element key; (b) twenty-six 

filler strips contained breaks between Stations 20 and 49; (cl five strips contained breaks 

at the aft end 1/4 inch with subsequent loss of the tile retaining ledge. 

strips experienced o substaitial amount of corrosion both on the h i d e  faces of rhe strips 

where they contacted the fuel elements and on the radic! foces between adjacent strips. 

The material loss occurred in the form of rivulets of randomly varying width and depth, 

beginning at about Station 22 and extending to the coated end r35 the strip. The cleepeit 

corrosion occurred on the lateral faces at the outer diameter. Observations from the flow 

patterns on the filler strip surfaces indicated c considerable amount of in-flow at tne hot 

end. 

Mild surface attack and sooting was observed in some cases as far upstream as Station 12 

with increasing severity toward the aft end of the strips. 

in the downstream portion of iepresentative hot buffer strips i s  shown on Figure 21. Corrosion 

depth of the radial faces varied somewhat randomly, but corrosicn was particularly severe in 

the region between Stations 46 and 50 near the tile retaining lug. 

(a) nineteen strips contained breaks 

The hot buffer f i l ler  

Figure 20 is  representative of the filler strip surface regression in the hot buffer region. 

A detailed view of corrosion present 

The appearance of filler strip breaks indicated that they occurred in regions which 

were initially weakened by corrosion, and it was suggested that the breaks had occurred during 

the latter stages of the test run. Corrosion was generally absent in the coated region of the 

filler strips except where regression of the adjacent radial face had produced undercutting 

of the coated surface, with subsequent overhanging or flaking of the NbC. 

graphite broken from the forward ends of the hot buffer filler strips were believed responsible 

for blocking orifice and cluster plate chcmels of the 5F5 cluster. This resulted in 

overheating and subsequent damage to both 5F4 nnd 5F5 components. 

Small pieces of 

!i1 addition to breclkoge of hot buffer fi:ler strips, approximately ten (IO) hot buffer 

tiles were broken in the aft end retention nqtch. The tiles sustained mi ld corrosicn Cnd sooting 

along edges and on filler strip contact surfaces. TIiis ccrrosion condition was observed on tiles 

as far upstream as Station 12. The appearance of the filler strip region, at the junction of the 
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hor bffu ad nominol filla strip sectas, is  h m r  in F&e 22. 

0. NOMINAL FILLER S T R E  AND TILES 

Thc spuivalcnt of four ~ctc r r  of nominal fill- s?rips wos imtolld in )r(RX-A5. 

lhese s t r i p  wue sirnilcr to those m NRX/EST, exc- thot the f i h  short forrcrrl tiler 

which cmtocted the fuel element were replaced by a s'rrglc full-lcrrgth tile ah'&. was 

oddsd to minimize g o p  awt piesums in the core pi+-, lhe filler drips were, gmemlly, 

in gaod condit'm bt arstuincd sune mild soot- ad showed a regular pottan of wol 

segamt baring lllorbar strip paip)laai &a as noted fa pevias aactua. Light 

carodion 49 prsent on the s-lda of umt *ips, rend-rrg to k OQllCrhat b i a r  t o w d  

the dt d d the *ips. 

sustained less com#'m i k m  was ohsewed for the NRX/EST counterputs. 

h -1, b t h  NtX-AS k g  filler strip tile ad filler rtr;Pe 

t. FILLBR K O C K S  

the fill= brodr la& fa WX-As haf bcen shataned to pavide n ~ r ,  <ah1 

cl-e between the b l a h  ad fill- s t r i p  in onkr to peucnt k interference d 

bedcage of the band retaining lugs, 

m the vicinity of the W retoining lugs- 

with the filler strip, this chipping *car ottrihrted p i n a i l y  to d-y opaotionr. 

There was sane ch'wlrrg of a feu of the filler blocks 

Houwwet, a here was no indication of intdermce 

F. SUPPORT MOCKS 

%sign of the NRX-A5 %uppat blocks differed si'ghtly fmn the d e d i  of NRX-EST 

support blocks in that the aft counterbe fillet mdius was i n c h  in order to elimirrde the 

crocking d comrsion observed in his area CW NRXfiST. 

support wosher was used wit), ten pyrofoil d e r s  c o n r p e a e d  between the arppat d e r  and 

h e  counterbore sesxt to give a more unifam lood distrihrtion on the block. The d i l  

h e r s  additionally served to rebce leoltoge of hydrogen, in the event of occurrence of 

counterbore cmch. 

h dit&, a cooted ATJ m i t e  

The condition ot the NRX-AS rwlor support blocks (those hov: 3 six synnetricu! 

lobes) was generally better thon that of the NRX-EST block, with only minor cormsion, 
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J. TIE RODS 

lhe tie rod moterial for NRY-M was Incor.el 7!a d e r  thon Inconel 750 employed 

for pe~iaro rwctors. Seven holmw lnconel7!8 tie rods were inc!uded in the core assembly. 



The holbw tie ruis contained thermocouples for directly nrawrriw tie d fflotQial knperotues. 

In -1, the tie rods rCre in excellent --test cordit&, olt+m+ stme w k e  

d isdaut ion US ?ypkdly m t  on all but tk fae Qd aft trro )o b~ ih. 

R a m  )enperom tats were perbmed on &a -ti- a cnrss#ction of the 

tie rods. 

tartile tcrtr revealed tk followkg general trends: 

Far OMIpQism, nine un-irmdiated conh~l  oonple~ rr0c9 G d k l y  M. The 

(1) The hollow tie rod oonpla were significmtly sfmnger tha, t)re d i d  tie 

rod #rcipla, fix both the p t - k r t  ad conml (pre-leot) CCBBa The hollow 

tie rod r r c ~ e  also chcrocta-ired by a goin r)ru~tue different from 

that of the d i d  tie rod wmples, indicoting a difkrent pocesing history, 

which p d o b l y  rez~lted in tk i d  r)recrgt)l. 
fhc OtFOngth of tht -1 718 tie rods rg sigrificmtly gea~er chcn thot of 

he Incod 750 tie roQ previously used, for both the post- ad p-rcct  

cases. Temile o o ~ p l a  from the f u - d  end of the tie rocis were s * o n p  

thon &es rclipved froen thc aft erd. Preruradbly, this effect was the 

rezvlt of cabricotian h e r  tha, irmdiation exposue, since c o n d  sonple~ 

were similarly &kd. 

Cne &e showed lor elongation, mther low yield strwrgth, and P to 
3ci KSI lower ultinmte strength itum coRparoble mi-, This sanple WIS 

frcm the aft end of tie rod SFS, the cluster which m i n e d  b y  carasion 

ond loealizd melting of the finer tube Q a result of orifice plugging. 

There was seme 'edicotion h t  tie rods in the central region of the core 

sustained a mxe ponance<i c b g e  in p o p t i e s  thm was s u u s t a i d  by 

peripheral cluster *ie rods. Houever, pmperty changes, even in SF5, were 

not sufficient to cause concern. 

(2) 

(3) 

(4) 

K. DAMAGE TO THE SF5 CLUSTERS 

Six fuel elemenb in these two clusters were M l y  damaged md sustained corrosion 

to the extent hot reliable weight less data coda not be obtained. Element S F K ,  d i c h  
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0ra)Oined thc most &moge, wol severely corrodad o fa upstream o Storion 14. A sub- 
i~mtiol  portion of tht oft CnQ of -1 other e l e m %  was missing, olrhough the forwrcrd 

ends hod not mved dowmtmom from their original posit;orrs. The centrol 

ele-t of cluster 5f5 uoo oe\.crelv corroded between Stations 3r ad 48, ond he pyrolytic 

&.ite rlemtes were expcsed. At Stotiorr 42, which coincides with a pyrolytic graphite 

sleeve joint, the underlyhg sminles steel liner tube wus melted through as shown on 

Figure 25. However, the tie rod was intoct ad showed no evidence of physical domrge, 

with thc exception hot a MOII blob of mdten metol from the liner tube hod a h r e d  to it. 

The saw b k k s  fa both 5F4 old 5f5 cluskrs were also badly corroded. Lobes 

on both bloas w e  pwtially mising in the vicinity of the severely corroded fuel elements, 

but were intoct in the region of uukmged defflents. Although thee (3) lobes of the 5f5 

support blodr were extensively donoged, the counter bare Q ~ O  and all support h a d m e  

were in excellent condition, rebining their load cmying capthility. 

The extemive corrosion descrched above was attributed to blockage of c t d m t  

flow by pieces of graphite broken from the fawad emis of hot buffer filler str ip, Cluster 

plots orifice plugging WQS observed in the 5FS cJvster plote ad two addiriod pieces of 

gmphite w e  obxcved blocking orifices of fuel element 5F5 C, as show on figure 26. The 

resulting severe ovdeoting aceleroted corrosion in h e  SFX: element, which then produced 

corrosion in adjocent elements by increasing flow mound the unprotected extern01 wrfoces. 

Even tho+ the elements in this region were severely corded, there was no idicotion that 

tire support block, tie rods, md orsocioted hardwme w2re not performing their intended 

desi* function. 

L INSTUUMENTAfrON 
~ ~ 

Post-teJr instrumentation measurements were mode to determine the electrical 

condition of instolied sensors and heir connections into the test cell. In most cases, post-et 

measurements -were within + 2% of pe-test measurements. Where greater changes were 

experiereed, they were genemlly believed to be due to higher post-test ombient reactor 

temperotues. 

- 
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In general, performonce of the WAN1 supplied diagnostic and control sensors was 

excellent, ond 95% of the sensots remined opetationol at the conclusion of all testing. 

Most of the sensor foilvres encountered during testing wwe verified by conditions observed 

during the post-test electrical check, or other post-operotional phases. 

M. CONCLUSIONS 

Although the general performance of most NRX-A6 Reoctor Components wos 

satisfactory, the need for continued development to increase core life was pointed out for 

the foilowing areos: 

Improvement in grophite coating technology, with emphasis on fuel 

element bore coating improvement. 

Elimination of Eller strip breakoge in the hot buffer filler strips. 

Improvement in protection against corrosion for the ends of the 

conventional filler strips. 

Elimination of corrosion problems at the core periphery. 

Study and elimination of the peripheral element cracking problem. 

Reduction in thermal stresses in the support blocks, ond improvement 

in block coating techniques. 

Improvement in insulating sleeve joint design, to offer further 

protection to the tie rod under abnormal operating conditions. 
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Vfl. FUEL ELEMENT PERFORMANCE 

The major damage associated with the NRX-AS reactor was, as in h e  case of 

previous reactors, corrosion of the fu.4 elements ond the core support compor.ents. A view of 

the aft end of the NRX-AS core i s  shown in Figwe 27. The darkened area in the center of the 

core (clusters 0-00 thraugh Row 0) i s  due to excessive pyrolytic carbon, "soo~", deposits an 

support block surfaces, orlj i s  indicative of high weight losses to fuel elements positioned up- 

stream. The location 01 ?he six skirtless support bltxks and the 5F4 - 5F5 support block lobe 

damage discussed previously i s  also shown on Fi 

fuel el-mnts observed in NRX-A5 m y  be lisierl as follows: 

A. BREAKAGE 

-e 27. The major categories of damage to 

Forty-two percent of the elements in the NRX-AS core were observed to be broken 

upon removal from the core. The central (0-00 $rough D clusters) and periph.+?ral regions 

(H and J clusters) sustained most of the breaks. These regions also sustained the greatest 

element weight loss. The 

elements, and the intermediate region contained nearly al l  Y-12 e!e:ments. 

the fuel element breaks appeated to be of two distinct types, (1) elernents thot broke as a 

result of loss of strength due to reduction in cross sectional area by channel en'argement; otid 

(2) elements that were partially or completely cracked tt. c ,3h and sustained significont 

corrosion in the area of the crack. Breukage of the second tyl 

peripheral region, while breakage of the f irst type was more prevalent in the central region 

of the core. Examples of the two types of fuel element fractures ore shown in Figure 28. 

B. WEIGHT LOSS 

.ha1 and periphera! regions weri d e  r'p of essentially WAFF 

It was noted that 

was more prevalent in the 

A total of 1584 fuel elements were contdnei in the NRX-AS, of this tc,tol 1551 * CrI:  

weighed. Elements which were not weighed were assumed to be b i  ' '-roken and widentitiable. 

A summary of the mecsured weight loss data i s  given in Table 2, which includes w were de 

assurneu post-test weight for ail unweighed 9. .aments. The implied a\reroge overall weight loss, 
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idle 2 

NRx-A5 ?oral Fuel ElerrPnt vuest Lags 

Toto1 No. of Fuel Elements in Core 

Total No. Intact Elements Weighed 

Total No. Elements We;@ 

Fmction Broken 

No. of ulwei&ed Elmenst 

Aver- Weight Lam - lntact E b b  (sm) 

).wroge Yie'&t La6s - lhktm Elt?m€?nk 

*Implied Avemge b#igit lass - All Elements (gn~) 

HAFF 

839 

252 

562 

.m 

25 

ZQ.8 

430 

36.9 

Y-12 

745 

673 

64 

-097 

8 

IC4 

30.5 

16.0 

AI I 

1584 

925 

426 

- 416 

32 

162 

424 

27.0 

*Aosuming hot unweighcd elements ore broken and eqwl in weight to the cveroge bor 
weighed M c n  elemenis. 







based on mecmur-6 or 925 unbroken ad 626 broken fuel elements, WOS a . 0  gram per 

clement, with a toto1 c0l0 wci& log of Opproximtely 43 kg. The 

weig5t loss in r*IRX-A!5 wus approximately 36.9 gmmo/elemmt ad the overo~c Y-12 element 

weight lam r .  16.0 gom/ehmmt. In c m i s o n ,  4te fuel element weight loss for NRW 
EST averaged 32.2 gnmqiekmt .  In general, the h i g k  weight lasses occured at the core 

central d periph-1 regions, witb o relative!y low weight loss in the m i d d i a l  reg*, 

oppoximotely 8.0 to 13.0 irches from h core center. A signiiicmt difference in weight 

loso occurred to both WAFF ad Y-i2 r!ements where they ovalopped in he region of 10.4 

inches to 14.4 i n c k  from the center. In this rtgion, the WAFF el- ts m i n e d  appolci- 

motely twice the cmosion IOU 05 Y-12 elements. An anolysis of weight loss as o function of 

core rdius md sector location rhowed l ittle variatiorr between similar:y sroced elements in 

different sectors. 

WAFF elemmt 

The e f k t  of h e  Rot buffer periphery appea#l benefiiid in seducing m i o n  

wight bss )O e h t s  immediokly djocent to tht kt kifk. wC;& b 

gran/clement for fimt row hot buffer elements and 24.9 grm&ecn#rt for fint row nacnol 

bvftcrekawntr. Th. hot Mfer  OQPeaed to provide nosigvificant d v c n t o p  f o r m  row 

e b b ,  which omogbd mi& lases of Z.6 ond 221 grar/ekmmt for hot buffer ond 
nominal buf’fer zones, mspcctively. 

08.2 

The relotionship of fucl element weight loss veom core d i m  is h w r r  i r  ‘5- 29 
for NRX/EST ad NRX-AS ~OC~WS. 

1.0 lncrcmtntol Weight Losa 

Incremental we;& data was obtaid upon 66 fuel ekments. Weight 

I- datu inclukd that from ekments of hree regions of the core; twenty-one elements from 

the central region, twenty-four elements from the core m i d - d i o l  region and twenty=cnc 

ekments from the core periphery. The moiarity of incremental weight loss datu was M e n  on 

1 inch samples; however, sane 5 inch flexure samples were also i.rcludsd in the anoipi;. The 

data indicated that the integmtcd wei$t loss wcl) h i h t  in fuel elements r e d  from t)K 
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centra! region ond b t  in the mid-mdiol region. In addition, a well &fined p&ak mid- 

band might kss occurd at apponimotely Statim ZG fbr all elements examined from all 

regions. A lower hot-end might kss was noted for NRX-A5 in reg*- from 30 lo 52 id 
thon was observed on NRX/fST elements. The shape of wcisht b was similor fix both 

Y-12 ad WAFF elern+-, olhou& weight loaees on V V N F  elements wcm corrridembly 

A swnmmy of the NUX-* incrwnentul weight ksses fix c h i s  e x a n i d  

from the three above l o c o t h  is shorn grofiically in Figwe 30. 

R,t-kst extemo? wfocc mssure mtnts vefe token on opproximotely 127 

stkcted NRX-AS futl elements. The &to was token by a measuring device cons'kting of an 

LVDT' tornett4 to a - i d l y  driven styla The &tu #rab with o digitized 

systmn employing paper tope. (bred 01) the ud&e regression mammnents and on colcrp 

lated bore coating b the folbwing were determined: (1) stdace weight lods w115 con- 

siderably higher fw elements e x a n i d  from he ee. ttr of the cole thm f a  elements e x a n i d  

from other regim; (2) approxinwrtely 15 to 30 pen nt of the RleQdured core weight lost wob 

due to surface corrosion; (3) ihe axbl distribution of suface weight k far an ekmeni wos 

con$denrbly different thon thot of bore weight l o s ,  with h e  majority of tfii surface canosion 

the outenmxt row of fuel elements in NRXd5. The m e  data for elements from the hot 

M e r  r q i m  showed a redwtiorr in the amount of surfoce corrodion OVA' elenenis from the 

nominal Mer region for the limited number d sanpler analyzed. The estimated division of 

suface and bore weight iosscs, for both Y-12 and WAFF elements, i s  shown on Figue 31. 

k i,, p e v i ~  ~eoct011, tire molytical methods to predict bore and surioce 

corrosion *vved inodequck. However, ;mpovements to the TH?-B ond TDC codes resulted 

in better cormbation of calculated surfoce regression doto and mcaured dato. A new code, 

CAPING, w s  devebped for he specific pu- of performing cakulations reloted to the 

effects of pinhole formation. 

+Lineor voriablc difkrentiai transformer 
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Figure 31. NRX-A5 Estimoted Division of Fuel Element Bore and Surface Weight Loss 
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C. PINHOLES AND COOLANT CHANNEL EXPOSURE 

.'+proximately 1305 NRX-AS bel elements were exumined for pinholing and chonnel 
exposwe by 0rmlys:s of the 70 hW film of faces of each elenrent tdcen during disassembly. A 

sunmary of the mulk of this examinat'kn is presented in Table 3. These elements c o n t o i d  

a toto1 of appwimotely 12,600 pinholes, 01' on overage of about 9.7 pinholes per element. 

NRX-AS WAFF elements averogcd 125 pinholes per element ond Y-12 ekments 

aueroged 7-25 pinholes per element. The pinhole density in Y-12 elements remJined r e l e  

tively constant for oll sectws except sector 5, where it was appoximately twice that of oher 

sectors, +ly as o consequence of the prev-busly reported 5F4-5F5 cluskr daroge. bnr 

pison of NRX/EST and NRX-A5 pinhole doto revealed a region of relatively b w  pinhole 

density present in both cores ot a dils of about 9.0 irrhes. This region was also the area of 

low ovemII weight lots for both NRX/EST o d  NRX-AS. Compaed with NRX/EST, reduction 

of pinhole dosmge in ?he peripheml elements was noted for NRX-AS. 

Fuel element coolant channel expodure (fuel beak and matrix are & away ex- 

wing coolant dmnel) was recorded for the elements which received pinhole count exani- 

nation. The study indicated on -mil overage of qyxaximotely 18.6 inches of channel 

exposure per element. Y-12 elements contained cmsidembly less channel expure than 

WAFF elements. Examination of (710) Y-12 elements revealed on ovemge channel expswe 

of 6.1 inches per element ob co- H 'th 33.8 inches per element for 590 WAFF elements 

exomined. 

Agpoximotely 1.8 percent (29 elements) of the NRX-M ccxe elements exhibited 

neither pinholes nor coolant channel exposwes. AFpoximtz+ely 56 percent of these "zero 

defect" elements were positioned in the hot buffer region, ord most were located ir, the "J" 

row. Twelve (12) of the "J" row elements having noobservable defects, were externally 

coated with NbC. 
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D. HOT END CORROSION 

laboratory 

Visa1 examinations were perkarmed and phctographs were obtained of the hot ends 

of a l l  NRX-AS fuel elements. The hot ends of these elements differed from those of NRX/EST, 

primorily, in the increased cooting length and decreasea depth of the undercut after rooting. 

In general, condition of al l  fuel element hot ends wos excellent, with hot ends showing little 

or no evidence oi corrosion. 

MOLYBDENUM OVERCOATiNG 

The NRX-AS Core contained two (2) molybdenum brre coated fuel eiementr. 3J9R 

- E. 

in tke hot buffer region and 6J8B in the nomhal buffer zone. Both elements were broken 

during attempts to remove them from the core, the breaks occurred at approximately Stoticns 

21 to 22 Weight losses were 123 gram for 3J9-R and 16.3 grams for 6J8-6. Weight &ses 

for non-molybdenum mated odjac;.nt elements ranged from 13.6 to 75.0 and 12.0 t. 56.0 grams 

for elements from clusters 3J9 and 6J8, respectively. Surface corrosion and channel exposure 

was observed on both molybdenum overcoated elements, wi th at least some cf the surface 

corrosion on the experimental elements due to leakage frcm adjacent elements. 

The weight losses of the molybdenum coated elements were sijnifica.itly lower than 

the weight losses of the majority of the adjacent elements in the same clusters. Also, com- 

prison of corrosion on axiaily sliced elements from h e  same core region sugge*+s h a t  the 

molybdenum coating may have been beneficial in reducing midbod bore corrosion .. r e  

Figure 32). 

An additional factor suggesting improvement of the molydenum overcoated elemerlts 

was the rehtive weight loss of these elements with respect to other elemenis from the same 

bore coating botch (M-32) as shown by Figure 33. Since the elements of that botch were 

distributed at dCferent core radii, it was necessary to plot the overall average core weight 

loss for W 4 F i  elements in th i s  core region. It can be Seen from Figure 3? that the weight 

iosses .--: ?IC con-molybdenum coated elements were generally higher Pian the core a\.erage, 

whil: rhs weight losses of the two molybdenum coated eiemerts were considerably lower 

than the core overage. 
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It &auld be stressed that the extremely small wrmplir D f  mol$denum coated 

eiemen%, and the uncertainties with regard +o local reactor erwironmeclt on corrcsi- 

h a v b  pc iude  full assessment ai molytdenm overcooting performance. 
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